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SPIN STRUCTURE OF THE NUCLEONa
J.P.NASSALSKI
So ltan Institute for Nuclear Studies, ul.Hoz˙a 69, 00-861 Warsaw, Poland.
New experimental results on the spin dependent structure functions g1 and g2 which are determined from deep-
inelastic scattering experiments at CERN, SLAC and DESY are reported. These results are used to evaluate the
Bjorken sum rule and the singlet axial charge a0. Results are discussed in the framework of next-to-leading order
perturbative QCD. The role of the polarised gluons in the interpretation of the results on a0 is emphasised. New
experiments which aim to determine gluon polarisation are shortly described.
1 Introduction
One of the most exciting problems in high energy
physics is to describe the nucleon spin in terms of
its partonic constituents: quarks and gluons. The
experimental tool which is used is deep-inelastic
scattering of leptons on nucleons, from which par-
ton distributions are determined. The theoretical
tool is Quantum Chromodynamics (QCD) which
describes the dynamics of parton interactions.
The interest in this subject was initialised by
the discovery by the EMC1 that only a small frac-
tion of the nucleon’s spin is carried by quarks. The
discovery triggered a large experimental and the-
oretical activity which is still pursuing.
The main objectives of the present research
are focused on the determination and interpre-
tations of the singlet axial charge (a0) and the
Bjorken sum rule (BSR), the former related to the
nucleon’s spin carried by partons and the latter
one regarded as a test of perturbative QCD.
The most recent experimental results are from
the SMC at CERN, E142, E143 and E154 at SLAC
and HERMES at DESY. There is a large progress
on the theoretical side, where next-to-leading or-
der (NLO) perturbative QCD calculations became
available. The review of these results and of their
interpretations is given below.
2 Determination of g1 and g2
The spin-dependent structure functions g1 and g2
are determined from deep-inelastic scattering of
polarised electrons and muons on polarised pro-
ton, deuteron and 3He targets. The one-photon
exchange cross section can be written 2 in terms of
the spin-independent (σ) and the spin-dependent
cross-section(∆σ):
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Figure 1: Definition of angles ψ and φ.
d3σ(ψ)
dxdQ2 dφ
=
d3σ
dxdQ2 dφ
+
d3∆σ(ψ)
dxdQ2 dφ
(1)
where x = Q2/(2mν) is the Bjorken scaling
variable, m is the proton mass, −Q2 and ν are
the invariant mass and the energy of the virtual
photon in the laboratory system, respectively. The
angle φ is between the lepton scattering plane and
the target spin plane and the angle ψ is between
lepton momentum and the target spin as shown in
Figure 1.
The two terms can be written as:
d3σ
dxdQ2 dφ
=
2α2
Q4
·{
y2
(
1− 2m2lQ2
)
F1 +
1
x
(
1− y − y2γ24
)
F2
}
,(2)
d3∆σ(ψ)
dxdQ2 dφ
=
4α2
Q4
y·{
cosψ
[(
1− y2 − y
2γ2
4
)
g1 − y2γ2g2
]
−γ sinψ
√
1− y − y2γ24
(
y
2g1 + g2
)
cosφ
}
. (3)
Here F1 and F2 are spin-independent structure
1
functions, y = ν/E, where E is incident lepton
energy, ml is the lepton mass and γ
2 = Q2/ν2 =
4x2m2/Q2 vanishes at large Q2. The experi-
ments use longitudinally polarised (polarisation
Pb) leptons and measure asymmetries of the cross-
sections for opposite orientations of target polari-
sations (polarisation Pt):
A‖(⊥) =
σ
→
⇐(
→
⇑ ) − σ→⇒(
→
⇓)
σ
→
⇐(
→
⇑ ) + σ
→
⇒(
→
⇓)
fPbPt =
∆σ‖(⊥)
2 · σ¯ fPbPt,
(4)
where → (⇒) denote the beam (target) polarisa-
tions and σ¯ refers to spin-averaged cross-section.
The symbols ‖ and ⊥ indicate longitudinal (ψ = 0
or pi) and transverse (ψ = pi/2) orientations of the
target spin, respectively. In the transverse case
the asymmetry is measured between interactions
where the scattering plane is at an angle φ and
pi ± φ (see Fig.1). The dilution factor f accounts
for the interactions on the unpolarisable material
within the target fiducial volume.
These asymmetries can be written in terms of
g1 and g2 as
A‖ = [
g1−γ
2g2
F1
+ηγ g1+g2F1 γ ]DfPbPt
A⊥ = [− g1 − γ
2g2
F1︸ ︷︷ ︸
A1
ξγ+
g1 + g2
F1
γ︸ ︷︷ ︸
A2
]dfPbPt
where η, ξ, D and d are kinematic factors and A1
and A2 are virtual photon asymmetries
2. There-
fore
g1 = (A1 + γA2)/(1 + γ
2)
g1 + g2 = A2/γ
}
· F1
where
F1(x,Q
2) =
(1 + γ2)F2(x,Q
2)
2x(1 +R(x,Q2)
.
The experiments use the NMC parameterisa-
tion 3 for F2 and SLAC parametrisation
4 for
R = σL/σT , the ratio of photoabsorption cross-
sections.
3 Recent experiments.
Recent experiments on polarised deep-inelastic
scattering are listed in Table 1. Table 2 indicates
distributions which have been determined and also
the derived quantities evaluated at fixed values of
Q20; the first moments Γ1 =
∫ 1
0
dxg1(x,Q
2
0), twist-
3 matrix elements dk and the polarised valence
(∆uv,∆dv) and sea (∆q) quark distributions. The
semi-inclusive asymmetries will be discussed in
Sec.10.
4 Interpretation of g1 in the QCD-
improved parton model
In the QCD-improved parton model, g1 is ex-
pressed in terms of distribution functions of longi-
tudinal polarisation of partons; quarks (∆qi) and
antiquarks (∆qi) of flavour i and gluons (∆g).
Here ∆f ≡ f+ − f− and f+(−) are distribution
functions of partons with spin parallel (antiparal-
lel) to nucleon spin:
g1(x,Q
2) =
1
2
nf∑
i=1
e2iCi(x,Q
2)⊗ [∆qi +∆qi] (x,Q2)
+Cg(x,Q
2)⊗∆g(x,Q2), (5)
where nf is the number of active flavours and Ci(g)
are quark (gluon) coefficient functions and C ⊗
∆f ≡ ∫ 1x dyy C(xy , Q2)∆f(y,Q2).
The coefficient functions can be expanded in
powers of αs and at next-to-leading order (NLO)
they are:
Ci(x,Q
2) = δ(x− 1) +αs
2pi
C
(1)
i (x) +O(α2s)
Cg(x,Q
2) = 0 +
αs
2pi
C(1)g (x) +O(α2s)
(6)
At leading order (LO) we therefore get
g1(x) =
1
2
∑
i e
2
i (∆qi(x) + ∆qi(x)), which is sim-
ply related to ∆q = q+ − q−. This can be
compared to the spin-averaged structure function
F1(x) =
1
2
∑
i e
2
i (qi(x) + qi(x)) related to the sum
q = q+ + q−.
5 New results on g1 and g2
5.1 Results on gp1
Figure 2 shows results on gp1(x) from the experi-
ment E143 5 and from an updated (preliminary)
analysis of the SMC data 6. The points are shown
at measured Q2 > 1GeV2. In the overlap region
the results agree within the errors. At smaller val-
ues of x the SMC points have large errors due to
the cut Q2 > 1GeV2 which eliminates most of the
events. Figure 3 shows the corresponding asym-
metry Ap1 = g
p
1/F
p
1 and also the one (preliminary)
2
Table 1: Recent experiments on polarised DIS.
Expt. Beam (GeV) Target Pb Pt f
(a)
SMC µ 190 C4H9OH p 0.8 0.9 0.12
190(b) C4D9OH d 0.8 0.5 0.20
in 1996: 190 14NH3 p 0.8 0.9 0.17
E142 e 19-25 3He n 0.4 0.3-0.4 0.11
E143 10-29 15NH3 p 0.8 0.7 0.13-0.17
10-29 15ND3 d 0.8 0.3 0.22-0.25
E154 49 3He n 0.8 0.4 0.11
E155 49 15NH3 p 0.8 0.7 0.13-0.17
in 1997: 49 15ND3 (or LiD) d 0.8 (0.5) (0.5)
HERMES e 28 3He n 0.5 0.5 1/3
in 1996: 28 H2 p 0.5 0.9 1
(a) effective f in the target fiducial volume.
(b) includes also data at 100 GeV.
Table 2: Distributions determined from polarised DIS.
Distribution Derrived quantity Experiment
g
p(d)
1 (x,Q
2) Γ
p(d)
1 SMC, E143
gn1 (x,Q
2) Γn1 E142 - being reevaluated
E154 (meas. range)
HERMES
SMC and E143 - from (p,d)
g
p(d)
2 (x) d
p(d)
k=2,4,6 E143
SMC - A
p(d)
⊥ only
semi-inclusive ∆uv(x) SMC
asymmetries: ∆dv(x)(
A‖
)pi+(pi−,pi+−pi−)
(x) ∆q(x)
obtained with the cut Q2 > 0.2GeV2; in the latter
case the x range is extended down to x = 0.001
and the results do not show any large variation
with x.
Figure 4 shows the Q2-dependence of the
asymmetry Ap1(x,Q
2) from the E143, the SMC
and the EMC 1 in bins of x. Within the errors
no Q2-dependence is seen between the data sets
from SLAC and CERN, covering different ranges
of Q2 at fixed x.
5.2 Results on gd1
Figure 5 shows results on gd1(x) from the experi-
ment E143 7 and from the SMC (preliminary) 8.
The points are shown at measured Q2 > 1GeV2.
In the overlap region the results agree within the
errors.
The Q2-dependence of the asymmetry
Ad1(x,Q
2) obtained from the E143 and the SMC
data in the region Q2 > 0.2GeV2 is shown in Fig-
ure 6. Within the errors no variation of the asym-
metry Ad1 with Q
2 is observed. Note however, that
at the smallest values of x and Q2 covered by the
E143, their analysis 9 based on all previously pub-
lished data on Ap1(x,Q
2) and Ad1(x,Q
2) indicates
a behaviour A
p(d)
1 (x,Q
2) ∼ (1 + Cp(d)(x))/Q2.
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Figure 2: The structure function gp
1
(x) from the SMC (pre-
liminary) and from the E143. Points are shown at measured
Q2 > 1GeV2 with the statistical errors. The sizes of the
systematic errors are indicated with the bands.
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Figure 3: The SMC results on the asymmetry Ap
1
= gp
1
/F p
1
for Q2 > 1GeV2 and Q2 > 0.2GeV2 (preliminary).The
errors are statistical. The size of the systematic errors for
the result at Q2 > 0.2GeV2 is indicated with the band.
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Figure 4: Q2 dependence of the asymmetry Ap
1
(x,Q2)
from the E143, the SMC and the EMC in bins of x. The
SMC results are preliminary. Only statistical errors are
shown.
5.3 Results on gn1
The structure function gn1 is obtained from the
measurements of gd1 and g
p
1 (SMC, E143) or from
g
3He
1 (E142, E154, HERMES). In both cases dif-
ferent corrections are needed, however all data on
gn1 are consistent, as will be shown below.
Results from deuteron and proton data .
In the deuteron, neutron and proton are ei-
ther in S-state, with both spins in the direction
of the deuteron spin, or in D-state where they are
opposite to it. The probablility of the D-state is
5 ± 1% 10 and for the asymmetries the correction
is 8%: Ap+n1 = 1.08A
d
1. The off-mass shell effects
are negligible for x < 0.7 11. Shadowing effects
at small x were found to give 12 Ap+n1 = 1.02A
d
1
at x = 0.003; there are no independent estimates
and this correction is not made. Therefore we have
1.08 gd1 = (g
p
1 + g
n
1 )/2.
Figure 7 shows the results for gn1 (x) from the
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Figure 5: The structure function gd
1
(x) from the SMC
at CERN and from the E143 experiment at SLAC. The
SMC results are preliminary. Points are shown at mea-
suredQ2 > 1GeV2 with the statistical errors. The sizes
of the systematic errors are indicated with the bands.
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Figure 6: Q2 dependence of the asymmetry Ad
1
(x,Q2)
from the SMC and the E143 in bins of x. SMC Results
are preliminary. Only statistical errors are shown.
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Figure 7: The structure function gn
1
(x) obtained from
proton and deuteron data of E143 and SMC (prelimi-
nary). The error bars show statistical errors only.
experiments E143 and SMC (preliminary). In the
region of overlap they are consistent, as expected
from the agreement on gp1 and g
d
1 . In the region
of small x, covered by the SMC data, the spin-
dependent structure functions gn1 (x) and g
p
1(x)
have different signs. In the same region the spin-
averaged structure function Fn2 (x) and F
p
2 (x) are
known 13 to agree within ∼ 3% which is inter-
preted as due to predominance of the sea quarks.
The difference observed here might indicate a rel-
atively important contribution from polarised va-
lence quarks at small x (see sec.10).
Results from helium data.
In the helium wave function the main config-
urations are: S-wave with two proton spins in the
opposite directions and the neutron spin in the di-
rection of helium spin (87%) and D-wave with neu-
tron spin opposite to it and the two proton spins
parallel (3%). No other nuclear corrections are
made and g
3He
1 = (0.87g
n
1−0.03gp1)/3. However, it
has been indicated 14 that the effects from an ad-
mixture of ∆-isobars and from shadowing might
be important both for 3He and for 3H. Nuclear
effects in unpolarised 3He will be estimated from
measurements of σ
3He/(σd+σp) by HERMES this
year 15.
Figure 8 shows new, preliminary results from
the experiment E154 at SLAC 16. In the same
figure preliminary results from the reanalysed ex-
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Figure 8: Preliminary results on the structure function
xgn
1
(x) from the SLAC experiments E154 and E142 (re-
analysed), evaluated at Q2 = 10GeV2. The error bars
show the sizes of statistical errors. The systematic er-
rors of E154 results are shown with the band.
periment E142 are also included. There is a good
agreement between the two experiments. Results
from E154 have very high statistical precision,
comparable or better than the systematic one.
New, preliminary results from HERMES ex-
periment 15 are shown in Figure 9.
6 Results on g
p(d)
2 (x)
Results on gp2(x) and g
d
2(x) come from experiment
E143 18 and they are shown in Figure 10. The
results are given at measured Q2 > 1GeV2. As-
suming the validity of Burkhard-Cottingham sum
rule 19,
∫ 1
0 g2(x,Q
2)dx = 0, g2 can be written as a
sum of the twist-2 term (gWW2 ) and a pure twist-
3 one (g2): g2(x,Q
2) = gWW2 (x,Q
2) + g2(x,Q
2).
The term gWW2 can be expressed by g1 (Wandzura
and Wilczek 20):
gWW2 (x,Q
2) = −g1(x,Q2)+
∫ 1
x
g1(z,Q
2)
y
dy. (7)
The solid line in the figure represents gWW2 . It
is consistent with the data indicating that twist-3
term is small.
Figure 9: Preliminary results on the structure function
xgn
1
(x) from HERMES experiment at DESY. Only sys-
tematical errors are shown with the error bars.
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Figure 10: The structure functions gp
2
(x) and gd
2
(x) from
the experiment E143.The error bars show the statistical
errors. The size of the systematic errors is shown with the
band. See text for the explanation of the lines.
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Figure 11: The asymmetry Ap
2
(x) from the SMC and
from the E143. Only statistical errors are shown. See
text for the explanation of the line.
At smaller values of x there are measurements
of A
p(d)
2 (x) from the SMC
21. Results on Ap2(x) are
shown in Figure 11 together with the results from
the E143 experiment. Also shown are the SMC
results obtained with the cut Q2 > 0.5GeV2. The
solid line in the figure represents an upper limit of
A2(x) given by
√
R. The present measurements
fall substantially below this limit.
7 The first moment Γ1(Q
2
0)
The main physics interest is in the first moments
of the the spin-dependent structure functions g1:
Γ1(Q
2
0) =
∫ 1
0
g1(x,Q
2
0)dx (8)
where Γ1 is the leading-twist (LT) term in the op-
erator product expansion.
In the experiments g1 is determined in a finite
range of x, where x and < Q2(x) > are correlated.
Therefore calculation of Γ1 involves extrapolation
of measured g1(x,Q
2) to a common Q20 and also
extrapolation to x = 0 and x = 1. Finaly, in order
to evaluate the LT contribution to Γ1, corrections
due to higher-twist terms are required.
7.1 Theoretical interpretation
The first moment of g1(x,Q
2) can be written as
Γ1(Q
2) =
1
2
[
CNS(Q
2)aNS+
< e2 > CS(Q
2)a0(Q
2)
]
(9)
in terms of the singlet (S) and non-singlet (NS)
axial charges ai,
msµai =< target, p, spin | Jµ5i | target, p, spin >,
of quark axial-vector current, Jµ5i = ψiγ
µγ5ψi, and
Wilson coefficient functions CS(NS) where p is the
target momentum. In the Quark-Parton Model
(QPM) the axial charge of a quark of flavour f
is expressed in terms of the integral of the corre-
sponding distribution functions of quark polarisa-
tions: ∆qf (Q
2) ≡ ∫ ∆qf (x,Q2)dx ≡ af .
The non-singlet axial charge,
aNS =
nf∑
i=1
(e2i− < e2 >)ai),
is conserved and, assuming SU(3)f symmetry, it
can be written in terms of F and D constants in
hyperon β-decays:
aNS =
1
6
(au − ad)︸ ︷︷ ︸
a3=|gA|=F+D
+
1
18
(au + ad − 2as)︸ ︷︷ ︸
a8=3F−D
+
(au + ad + as − 3ac)︸ ︷︷ ︸
if Q2>m2c
. (10)
The singlet axial charge a0(Q
2) is not conserved
because at two loops the gluon operator mixes
with divergence of the singlet axial-vector current
(this is called ”axial anomaly”). As a result, the
decomposition of a0 depends on the renormalisa-
tion scheme:
a0(Q
2) =


in MS scheme :∑
i(∆qi +∆qi)(Q
2) =
∆uv +∆dv + 2
∑
i∆qi(Q
2)
in Adler −Bardeen (AB) scheme :∑
i(∆qi +∆qi)− nf αs(Q
2)
2pi ∆G(Q
2),
(11)
where ∆G(Q2) =
∫
∆g(x,Q2)dx is the integrated
gluon polarisation. The gluon polarisation enters
explicitly in AB scheme 35 while in MS scheme it
contributes via polarised sea ∆qi(Q
2).
7.2 Evolution of g1 with Q
2
The structure function g1 (Eq.5) can be expressed
in terms of the singlet and non-singlet polarised
7
parton distribution functions:
g1(x,Q
2) =
< e2 >
2
[CNS ⊗∆qNS+
CS ⊗∆qS + 2nfCg ⊗∆g](12)
where
∆qNS =
nf∑
i=1
(
e2i
< e2 >
− 1
)
(∆qi +∆qi) and
∆qS =
nf∑
i=1
(∆qi +∆qi).
and they evolve according to the Altarelli-Parisi
equations:
d
d ln t
∆qNS =
αs(t)
2pi
∆P qqNS ⊗∆qNS (13)
d
d ln t
(
∆qS
∆g
)
=
αs(t)
2pi
(
∆P qqS 2nf∆P
qg
S
∆P gqS ∆P
gg
S
)
⊗
(
∆qS
∆g
)
, (14)
where t = ln(Q2/Λ2). The splitting functions
∆P ij ≡ P i+j+ − P i+j− at next-to-leading order,
P (x,Q2) = P (0)(x) +
αs(Q
2)
2pi
P (1)(x),
have recently been calculated 22. Differences be-
tween spin-dependent and spin-averaged splitting
functions give rise to different Q2-evolutions of g1
and F1. Therefore the assumption made in most
of the analyses up to now that A1 = g1/F1 is in-
dependent of Q2, is strictly not valid.
7.3 Extrapolation of g1 in x
Extrapolations of g1(x,Q
2
0) at large x, from
xmax ∼ 0.7 to x = 1, were made assuming g1(x) ∼
F1(x) or ∼ (1− x)3 or asumming A1(x→ 1)→ 1.
The resulting contributions to Γ1 are very small
and therefore this subject is not controversial.
However, extrapolation at small x, from
xmin=0.003 for the SMC data and ∼0.03 for ex-
periments at SLAC and DESY to x = 0 requires
fenomenological input for the behaviour of the
dominant singlet contribution. This behaviour de-
pends on the interplay between expectations from
• Regge trajectories (a1 and f1), g1(x) ∼
xα, 0 ≤ α ≤ 0.5, used by the SMC, E142,
E143 and HERMES,
• non-perturbative Pomeron 23, g1(x) ∼
log(1/x), alternatively used by the E143,
and the expectations from perturbative QCD
which were not used in the experimental analyses:
• |g1(x)| rises faster than ∼ log(1/x)ν for any
ν and slower than ∼ 1/xλ for any λ > 0 35
• g1(x) ∼ 1/xω with ω > 1 for αs > 0.12,
where a strong rise of g1(x) at small x is
possible 24.
Experiments assign a 100% error to their extrap-
olations at small x but the question of underly-
ing assumptions is not settled; measurements of g1
at smaller x are needed. The need to have small
extrapolation error is clearly visible in very high
statistics E154 data on gn1 .
7.4 Higher-twist terms
In the operator product expansion Γ1 is given by
Γ1(Q
2) = ΓLT1 (Q
2) +
m2
9Q2
[
a(2) + 4d(2) + 4f (2)
]
︸ ︷︷ ︸
CHT /Q2
+
O
(
m4
Q4
)
(15)
where a(2), d(2) and f (2) are the matrix elements of
twist-2, twist-3 and twist-4 operators, respectively.
There are first experimental results18 from
E143 on a
(2)
p(d) and d
(2)
p(d). They require g2(x) as
input and have large statistical errors.
Phenomenological estimates of their magni-
tude come from QCD sum rules, renomalon meth-
ods, lattice QCD and from MIT bag model (see
Ref. 25 for a review and also Ref. 26). Their values
differ, even in sign. However, the implied correc-
tions to Γ1 are in general smaller than the exper-
imental errors. They are also less important at
higher Q2.
7.5 Results for Γ1
Recent experimental results for Γ1 are shown in
Table 3. They were obtained under the assump-
8
Table 3: Experimental results for the first moments of the spin-dependent structure functions. The values in parantheses
give the statistical and the systematic error, respectively. Except for the E143, all results are preliminary. E142 results
are from Ref.17.
Experiment Q2 Γp1 Γ
d
1 Γ
n
1
(GeV2)
SMC 10 0.136(14)( 9) 0.038(7)(5) −0.055 (24)a)
E143 3 0.127( 4)(10) 0.042(3)(4) −0.037( 8)(11)a)
E142 2 — — −0.031( 6)( 9)
HERMES 3 — — −0.032(13)(17)
E154 5 — — −0.037( 4)(10)b)
(a) from deuteron and proton data.
(b) in the measured range only (0.014 < x < 0.7).
tion that A1 is independent ofQ
2 and using Regge-
type extrapolations of g1 to x = 0.
8 Physics interest in Γ1
The first moments of the spin-dependent structure
functions gp1 and g
n
1 are used to test the fundamen-
tal Bjorken sum rule 27. Furthermore, Γ1 is used
to evaluate the singlet element of the axial-vector
current, a0. In the leading-order it is equal to
the total spin carried by quarks, a0 = ∆Σ, and
its value was predicted using the Ellis-Jaffe sum
rule 28. The value found by the EMC 1 was much
smaller than the prediction. This discovery has
led to the ”spin crisis” and triggered large experi-
mental and theoretical activity.
8.1 Bjorken sum rule
Under the assumption of the isospin symmetry be-
tween neutron and proton we can write for the
axial charges:
anu = a
p
d, a
n
d = a
p
u, and a
n
q = a
p
q ; q = s, c, b, t.
The singlet term cancels in the difference Γp1 −Γn1
(see Eq.9) and we obtain the Bjorken sum rule
(BSR) prediction:
(Γp1 − Γn1 )(Q2) =
1
6
CNS(αs(Q
2)) · |gA|. (16)
This is a very accurate prediction: the value of
|gA|, the coupling constant in neutron beta-decay,
is known to within 2 permille 31 and the pertur-
bative expansion of CNS is known to O(α3s) 29
and there is also an estimate of O(α4s) term 30.
Table 4: Experimental results for the Bjorken sum. Ex-
cept for the E143, all results are preliminary. The value in
parathesis gives the total error. For Γn
1
from E142 we use
result from Ref.17
Experiment Q2 Γp1 − Γn1
(GeV2)
SMC 10 0.191(36)
E143 3 0.163(19)
E143/E142 3 0.159(14)
Therefore it is regarded as a test of perturbative
QCD. Conversely, since the perturbative expan-
sion is sensitive to the value of αs, the BSR can
be used to determine αs(M
2
Z).
Theoretical uncertainties were discussed
above; they are due to the assumptions used to
obtain Γ
p(n)
1 and to the contributions from higher-
twists, Cp−nHT /Q
2.
8.2 Experimental results for the Bjorken sum
The experimental results for the Bjorken sum are
given in Table 4. They are compared to the pre-
dictions in Figure 12 where we used nf = 3 and
α(M2Z) = 0.117±0.005. Good agreement with the
prediction is observed.
8.3 Determination of αs
Figure 12 shows also the sensitivity of the predic-
tions to the value of αs; the spread in the pre-
dictions is mainly due to its error. It is there-
fore tempting to derive the value of αs(M
2
Z) from
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Figure 12: Results for Bjorken sum from recent exper-
iments. The shaded area indicates the predictions.
the experimental results on the Bjorken sum, as-
suming that the prediction given by Eq.16 holds
precisely. Since all known terms of the pertur-
bative expansion are negative such procedure re-
quires an estimate of the contribution from all
higher order terms. The most recent determina-
tion 33 of αs from BSR relies on Pade´ summa-
tion: using an estimate of the average experimen-
tal value (Γp1 − Γn1 )(3GeV2) = 0.160 ± 0.014 and
Cp−nHT = −0.02± 0.01, the authors obtain
αs(M
2
Z) = 0.117
+0.004
−0.007 (exp.) ± 0.002 (th.).
The theoretical error is mainly due to a renormal-
isation scale dependence and it is very small.
8.4 Results for a0 and for the Ellis-Jaffe sum rule
The value of the singlet axial charge (a0) is ob-
tained from Eq.(9) using experimental values for
Γ1; aNS is calculated from gA and from F and D
values 32 using Eq.(10) and CS has been evaluated
34 up to O(α2s). It can be written as 34:
a0(Q
2) = [1 + c1αs(Q
2) + c2α
2
s(Q
2)] · (a0)inv.
where ci are numerical constants and (a0)inv ≡
a0(Q
2 → ∞). Using a0 interpretation from the
MS-scheme (Eq.(11)), a0(Q
2) ≡ ∆Σ(Q2) is the
total spin carried by all quarks. With this inter-
pretation and under the assumption of the flavour
symmetry in the polarised sea, the value of as ≡
∆s can be calculated.
In the leading-order ∆Σ is invariant. Its value
can be predicted assuming Ellis-Jaffe assumption
that OZI rule is valid (∆s = 0): ∆Σ = ∆u+∆d =
a8 = 3F −D ≃ 0.6.
Table 5: Results for (∆Σ)inv. and for ∆s.
Experiment (∆Σ)inv. ∆s
SMC p 0.21 (16) −0.12 (5)
d 0.24 ( 8) −0.11 (3)
E143 p 0.24 (10) −0.11 (3)
d 0.30 ( 5) −0.09 (2)
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Q2(GeV2)
G 1(Q2) Proton
Deuteron
Neutron
Figure 13: Comparision of the first moments Γ1 to the
Ellis-Jaffe sum rule prediction. Also plotted is the first
result from the EMCwhich gave rise to ”the spin crisis”.
The values of (∆Σ)inv. and ∆s are given in Table
5. Clearly, ∆Σ is below expectation and the OZI
rule is violated. An alternative way to demon-
strate this discrepancy is to compare Γ1 to the
value predicted under the assumption of ∆s = 0
(Ellis-Jaffe sum rule). With this assumption we
have a0 = a8 and
(Γ
p(n)
1 )EJ (Q
2) = CNS(Q
2)
(
± 1
12
a3 +
1
36
a8
)
+
1
9
CS(Q
2)a8. (17)
Figure 13 clearly shows that a0 should be bigger
than a8 which requires as < 0.
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8.5 Present understanding of a0
We can rewrite Eq.(11) in the form:
a0(Q
2) =


MS; ∆G enters via polarised sea :
∆Σ(Q2)
AB; ∆G enters explicitely :
∆Σ− nf αs(Q
2)
2pi
∆G(Q2)︸ ︷︷ ︸
∼Q2−independent
(18)
In the AB-scheme, where gluon polarisation en-
ters explicitely, one can estimate ∆G required in
order to obtain ∆Σ = 0.6; from Eq.18 we obtain
∆G(10GeV2) ∼ 2.
To summarise: the physics interpretation of
a0 in the NLO is scheme-dependent. Its value is
below the expectation from the LO due to gluon
polarisation.
9 Determinations of ∆G
Indirect determinations of ∆G come from fits of
parametrised polarised parton distributions to all
g
p(d,n)
1 data, using the Altarelli-Parisi evolution
equations (Eqs.13 and 14) in the NLO. There are
three independent analyses35 36 37 and in the range
1 < Q2 < 10GeV2 they all require ∆G ∼ 1÷ 2.
Sizeable gluon polarisation clearly affects
the Q2-dependence of g1. Since the calcula-
tion of Γ1(Q
2
0) requires the extrapolations of
g1(x,Q
2
meas.) → g1(x,Q20), it might lead to dif-
ferent value of Γ1. Figures 14 and 15 show the
preliminary results from the NLO QCD fits made
by the SMC to the recent E143 and SMC data on
gp1 and g
d
1 using the procedure of Ref.
35. Lines
show the pattern of the Q2-dependence ; the solid
line shows fitted g1 at Q
2 measured by the SMC,
dashed and dotted lines are the values at Q2 of
1GeV2 and 10GeV2, respectively. Using the ex-
trapolation
g1(x,Q
2
0) = g1(x,Q
2
meas.) +
[g1(x,Q
2
0)− g1(x,Q2meas.)]from fit
(19)
the SMC obtains (preliminary) at Q20 = 10GeV
2:
• Γp1 = 0.130 (0.136± 0.017)
-0.5
0
0.5
1
1.5
2
2.5
3
10 -3 10 -2 10 -1 1
EMC
SLAC
SMC
1 GeV2
10 GeV2
x
g 1p
Proton Spin Structure Function
Fits include:
 SMC & SLAC Q2≥ 1 GeV2 (p,d) data
Figure 14: gp
1
from the NLO QCD fits to gp
1
(x,Q2) and
gd
1
(x,Q2) from the E143 and the SMC. Points show gp
1
(x)
at measured Q2. See text for explanations.
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1
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1
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1
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at measured Q2. See text for explanations.
• Γd1 = 0.037 (0.038± 0.009)
where the values given in parantheses are from Ta-
ble 3 and they were evaluated assuming that g1/F1
does not depend on Q2.
The theoretical error of Γ1 due to uncertainty in
∆g(x,Q20) and to unknown higher-order correc-
tions was estimated 35 to be +0.009−0.005.
10 Results on the polarised quark distri-
butions
First results on the polarised quark distributions
were obtained by the SMC 38 from the analysis of
asymmetries of semi-inclusive and inclusive cross
sections. There are new (preliminary) results from
the SMC which include new deuteron data.
The results are obtained assuming QPM. The
asymmetry of inclusive virtual photon absorption
cross sections is written in terms of the distribu-
tion functions of quarks (q(x,Q2)) and of their
spin (∆q(x,Q2)):
A1(x,Q
2) =
∑
q e
2
q∆q(x,Q
2)∑
q e
2
q q(x,Q
2)
. (20)
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The asymmetry of semi-inclusive cross sections
depends also on the fragmentation functions of
quarks q into a final state hadron h, Dhq (z,Q
2),
where z is the fraction of quark’s energy taken
by a hadron. The SMC has determined semi-
inclusive asymmetries for the positive and nega-
tive hadron yields integrated over 0.2 < z < 1,
Dhq (Q
2) =
∫ 1
0.2
Dhq (z,Q
2)dz:
A
+(−)
1 (x,Q
2) =
∑
q,h e
2
q∆q(x,Q
2)Dhq (Q
2)∑
q,h e
2
q q(x,Q
2)Dhq (Q
2)
.
(21)
In Eqs.20 and 21 quark distributions were taken
from the MRS parametrisation39 and the fragmen-
tation functions of non-strange quarks into pions
were obtained from the EMC measurements 40 by
using charge conjugation and isospin symmetry.
In each bin of x these equations for proton and
deuteron targets constitute a system of 2 + 4 lin-
ear equations written in terms of three unknown
spin distribution: of valence quarks, ∆uv(x) and
∆dv(x), and of the sea antiquarks, ∆q(x). They
were evaluated by the least-square method and
the results are shown in Fig.16. We observe that
∆uv(x) is positive while ∆dv(x) is negative. The
spin distribution of the non-strange sea ∆q¯(x) is
compatible with zero even at small x where the
unpolarised sea is large. There is an indication of
a non-vanishing valence quark polarisation ∆qv/qv
at small x which is consistent with the observation
of gn1 6= gp1 at the smallest x in the SMC data.
11 How the proton spins?
In terms of the nucleon constituents we expect:
1
2
=
1
2
∆Σ +∆G(Q2) + Lz(Q
2), (22)
where the Q2-evolution of ∆G(Q2) and Lz(Q
2),
the orbital angular momentum of quarks and glu-
ons, must be coupled. This issue raises theoretet-
ical activity 41 but it is still under discussion. As
discussed in previus sections, the OZI rule gives
∆Σ ∼ 0.6, which requires ∆G(Q2 = 10GeV2) ∼ 2
and the equation above leads to  Lz ∼ −1.8.
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Figure 16: Quark spin distribution functions (a)
x∆uv(x), (b) x∆dv(x), (c) x∆q¯(x). The open circles
are obtained when the sea polarisation is set to zero
while the closed circles are obtained without this as-
sumption. The error bars are statistical. The curves
correspond to the upper and the lower limits ±q(x)
from the unpolarised quark distributions evaluated at
Q2 = 10 GeV2.
12 Prospects for polarised deep-inelastic
scattering
12.1 New results from the approved experiments
In the near future we can expect new results from
the following experiments:
• SMC will have more data on gp1 and ∆q.
There might be new results for Q2 < 1GeV2
and x < 0.003,
• E155 will have new high precision data on
g
p(d)
1 for Q
2 > 1GeV2 and x > 0.014,
• HERMES will have new data on ∆q (with
identified hadrons) and also on g
p(n,d)
1 .
These data will certainly increase the precison of
the present results and might produce new, inter-
esting observations. However they will not solve
two outstanding problems which came up recently,
1. to determine the shape of g1(x) at smaller x
and Q2 > 1GeV2,
12
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Figure 17: The photon-gluon fusion diagram.
2. to determine directly gluon polarisation
∆g(x),
which can be solved only by new experiments.
12.2 Proposed experiments
COMPASS at CERN
Experiment has been proposed on the muon beam
line at CERN and recently recommended by the
SPSL Committee. The main subject of the deep-
inelastic scattering part of the program is to de-
termine ∆g/g from asymmetries of cross sections
for open charm production, D0(D
0
):
Acc¯γN(ν) =
∫ 2Mν
4m2c
dsˆ∆σ(sˆ)∆g(xg, sˆ)∫ 2Mν
4m2c
dsˆ σ(sˆ) g(xg, sˆ)
. (23)
where sˆ = (q + k)2, xg = sˆ/2Mν denotes the nu-
cleon momentum fraction carried by the gluon and
∆σ is the spin-dependent part of the charm pro-
duction cross section in the photon-gluon process,
shown in Figure 17. Using 100 GeV µ-beam the
experiment will cover xg > 0.07 where the accu-
racy δAcc¯ ∼ 0.05 is expected. The corresponding
accuracy in gluon polarisation is δ(∆G/G) ∼ 0.14.
The experiment is expected to start data taking
around the year 2000.
Similar experiment on the electron beam at
SLAC is being discussed.
At polarised HERA
At HERA the polarised deep-inelastic physics is
feasible 42 with the present H1 and ZEUS detec-
tors if the integrated luminosity
∫ Ldt ∼ 200 pb−1
is reached for electron and proton polarisations
∼ 0.7. Three physics items are considered.
1. ∆g from di-jet (2+1) events:
These events are produced via photon-gluon fu-
sion process shown in Figure 17, where two jets
arise from quark pairs. The momentum fraction
carried by the gluon can be determined from sˆ,
xg = x(1 + sˆ/Q
2), where x is the Bjorken‘s vari-
able. The expected asymmetries of cross sections
are ∼ 0.03 and they can be measured to a high
accuracy 43.
2. ∆g from Q2-evolution of g1(x,Q
2):
The measurements cover x ≥ 10−4 with Q2 big-
ger by a factor of 100 compared to fixed-target
experiments. However the expected asymmetries
are small (∼ 5 · 10−4) and the kinematic depolari-
sation factor is unfavourable.
3. Polarisation of quarks from g
W−(W+)
5 :
It has been proposed 44 to study polarised charge-
current processes using both e−p and e+p interac-
tions in order to determine new polarised structure
functions g
W−(W+)
5 . They are expressed by dif-
ferent flavour combinations compared to g1, e.g.
gW
−
5 + g
W+
5 = ∆uv +∆dv. For x > 0.1 very large
asymmetries (bigger than 0.1) are expected.
The feasibility to have polarised protons at
HERA is under study. The possible time scale is
most likely to be beyond year 2004.
13 Conclusions
There is a good agreement between experiments at
SLAC, CERN and DESY on the results on g
p(d,n)
1 .
The Bjorken sum holds well and is being used to
determine αs which might have small theoretical
error.
New results are consistent with the singlet ax-
ial charge a0 ≃ 0.25 which is below the expectation
from the OZI rule and corresponds to as ≃ −0.1.
13
On the theoretical side, there is a large
progress in understanding this effect in terms of
the polarisation of gluons, ∆G ∼ 1 ÷ 2 at Q2 ∼
10 GeV2. However with the present data is not
sufficient to determine it more precisely from the
scaling violations alone. It might be possible with
the new data coming from the SMC, E155 and
HERMES.
The COMPASS experiment has been recom-
mended at CERN to determine the gluon polar-
isation from the open charm production in the
photon-gluon fusion process. The option to have
polarised protons at HERA is under the study and
several processes have been proposed to investi-
gate the gluon polarisation there.
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